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ABSTRACT 
Wet bulk density and water content were deter-
mined with the standard soil-core method and by 
using a density and moisture gauge (gamma radia-
tion and fast neutrons). Four soils collected at differ-
ent forest sites were tested in the laboratory under 
different degrees of compression and at various wa-
ter contents. Using the count ratios of the gauge for 
density and water as independent variables and wet 
bulk density and water content determined by soil 
cores as dependent variables, calibration equations 
were developed. For the soils used, the gauge values 
concerning wet bulk density were in close agreement 
with values determined with soil cores. However, the 
water content readings of the gauge had to be recal-
culated using the equations developed. The equations 
were tested on soil cores collected in the field after 
measurements with the gauge. The dry bulk density 
calculated as the wet bulk density given by the gauge 
minus the water content recalculated using the pre-
sented equations differed by an average of -1.6 per-
cent from the soil-core values. 
Keywords: bulk density, calibration, strata gauge, 
radiation method. 
INTRODUCTION 
Determining the bulk density of morainic till soils 
in forested areas of Sweden is a difficult task. Direct 
methods for determining bulk density and water con-
tent involve the sampling of a known volume of soil 
which is then weighed in both wet and dry states. 
Many methods for estimating the sampled soil vol-
ume have been developed, such as the soil-core 
method, the rubber balloon! method, the sand replace-
ment method and the clod method ffl. In addition, a 
method using a frame to get larger soil samples has 
been developed [10]J In the soil-core method, which 
is considered the standard, cylinders of known vol-l 
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ume with sharpened edges are pressed or hammered 
into the soil, dug out and trimmed, whereupon their 
contents are weighed. This method is best suited for 
soft, cohesive soils with a medium to high water con-
tent 15]. On sorted agricultural soils, cores are usu-
ally easy to collect, but on morainic till soils there are 
many difficulties involved in sampling. These prob-
lems stem mainly from the abundance of coarse roots, 
gravel and stones, which get in the way and disturb 
the soil cores. 
Compaction of the soil in the cores seems to be the 
largest source of error during sampling under favour-J 
able conditions [16]jHâkanssonl reported that the bulk 
density was higher in soil cores than in samples ob-
tained using the frame method [10]J Using computer 
tomography (CT), Matthies, et al. showed that 
compaction may occur in cylinder cores at the time of 
sampling [151. Raper and Erbach concluded that “it 
is disturbing that a method with this many inherent 
errors is referred to as a standard” [16]. In addition, 
the core method is labour-intensive and time consum-
ing, and since the technique is destructive, replicates 
at the same position cannot be obtained. 
To avoid problems associated with the estimation 
of the sampled soil volume, a method that does not 
involve soil removal, i.e. an indirect method, such as 
the radiation method, can be used. Since no soil is 
removed, measurements can be repeated at the same 
position which has several advantages. For instance, 
the effects of different numbers of passes by a vehicle 
can be assessed, and changes from year to year can 
be monitored. Furthermore, readings can quickly be 
obtained directly in the field, and the procedures are 
less time and labom! consuming than soil coring. One 
drawback is that exposure to radiation may pose a 
health risk. 
Commercially available gauges used for determin-
ing wet bulk density (BDW) and water content based 
on the radiation method are calibrated at the factory. 
Several workers have reported that these built-in equa-
tions need to be modified to suit the conditions under 
which the gauge is to be used [7]J[12]J[22]J[17] and 
[23], It has also been reported that soil texture affects 
water content readings [13], althoughother research-
ers did not find any sucheffects [181, [4], [191. Due to 
the described drawbacks of the soil-core method, es-
pecially in forest stands, there has been increased 
interest in commercially available gauges. However, 
before they can be used more widely, issues concern-
ing calibration needs and accuracy must be resolved. 
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The aims of this study were to 
- determine the bulk density and water content of 
several types of Swedish forest soils under control-
led laboratory conditions using a commercially 
available density and moisture gauge as well as 
the standard soil-core method 
- develop equations for calibrating the gauge so that 
values obtained are in accordance with soil-core 
measurements 
- test the equations on a data-set collected in the field. 
MATERIALS AND METHODS 
Soils used in the laboratory study 
Soils differing in textural composition (Table 1) 
were collected at different forest sites. After removal 
of the top layer of the soil including the A,-layer, the 
soil down to a depth of 30 cm was collected and hand-l 
screened to remove roots and gravel. Soil type was 
determined according to the texture triangle. Water 
content was manipulated by wetting or drying the 
soils. Each soil was measured at 5 to 7 different water 
contents (Table 2)1 after compression using one of four 
different static pressures, i.e. 50, 100, 150 and 200 
kPa. 
Table 1. Particle size distributions and organic matter 
Density and moisture gauge 
The Campbell Pacific Nuclear Dual Probe Strata 
gauge MC-S-24 [1] used was equipped with two ra-
dioactive sources: a Cs]37 (370 MB<$ gamma-emitter, 
for the determination of BDW, and 'an Am^-Be (1900 
MBq)| source, emitting fast neutrons for the water conn 
tent determination. The count ratio (CR), i.e. the quo-
tient obtained by dividing the amount of detected 
gamma radiation, which had passed between the 
source and the detector, by the amount determined in 
a standard block used as a reference, was used to 
calculate the BDW. The more compact the soil, the 
greater was the attenuation or scattering of the radia-
tion, resulting in lower counts. Theoretical aspects of 
gamma-gauge operation are described in several pub-
lications, e.g. [21] and [17], The water content was 
determined using the neutron method [9]J in which 
fast neutrons (energy >HkeV)| are emitted in the soil. 
In connection with collisionsl (elastic scattering) with 
hydrogen nuclei in the soil, energy is lost, and even-
tually the neutrons become thermalised (energy < 0.5 
eV)| and are counted by the detector. Since most of the 
hydrogen in the mineral fraction of a soil is present in 
the form of water molecules the amount of thermalised 
neutrons is proportional to the water content of the 
soil: the larger the amount of thermalised neutrons 
the higher the water content [9] J The counts are re-
lated to a standard count obtained in a reference block, 
and the quotient is used for calculating the water con-
tent. The quotient obtained by dividing the recorded 
count by the standard count is called the count ratio 
(CE)J 
The gauge has two rods which can be lowered into 
the soil, in 5-cml intervals, down to a maximum depth 
of 60 cm. The rods move in guides that are rigidly 
attached to the instrument base. Thus a constant dis-l 
tance is kept between the gamma-source and the de-l 
tector for any selected depth. The Cs!37-source| is lo-l 
catedl in the tip of one probe, and the gamma ray dd 
Soil no. 1 (Sand) 2 (Loam) 3 (Sandy loam) 4 (Sandy loam) 
Clay <0.002 mm 
Silt 0.06-0.002 mm 
Sand 2-0.06 mm 
Organic matter 
30 
20 
950 
23 
240 
490 
270 
38 
80 
300 
620 
31 
Sample number 1 (Sand) 2 (Loam) 
80 
180 
740 
34 
Table 2. Volumetric water contents (cmVcm3} of soil cores (overall means). 
3 (Sandy loam) 4 (Sandy loam) 
1 
2 
3 
4 
5 
6 
7 
0.095 
0.176 
0.182 
0.193 
0.234 
0.301 
0.357 
0.041 
0.141 
0.184 
0.213 
0.239 
0.262 
0.400 
0.116 
0.148 
0.214 
0.299 
0.390 
0.146 
0.154 
0.224 
0.305 
0.362 
contents of the studied soils, g-kg1. 
tectoiKGeiger-Mullerj tube) is in the other one. The 
neutron source and the helium-3 detector, used for 
counting the thermalisedl neutrons, is located on the 
same probe as the gamma source. Before measure-
ment, two parallel holes are made 30 cm apart in the 
soil using a sharpened rod and a special guide plate. 
Once the two probes have been lowered to the de-
sired depth the measurements are started. The length 
of the measurement period, which can be adjusted, 
was 4 min. The gauge was calibrated in the calibra-
tion blocks supplied by the manufacturer before be-
ginning the study. 
BDW and water content are automatically calcu-
lated for direct read-out on the gauge display. The 
constants used for calculating BDW and water con-
tent with the built-in software of the gauge are varied 
within the uppermost 20 cm depending on the depth 
of measurement [1]J Dry bulk density is calculated by 
subtracting the water content from the BDW. 
Cylinder cores 
Stainless steel cylinders (height 51 mm, diameter 
50 mm, volume 100 cm-1) were used. Soil cores were 
sampled with the help of a guide cylinder, which 
was placed on the soil layer and a hammering head. 
When necessary, a low-impact hammer was used. 
After sampling, the cores were sealed to avoid water 
loss. Fresh and dry weight after drying at 105” C to 
constant weight were determined, and water content 
was calculated. 
Laboratory study 
All measurements were made in a reinforced metal 
box (length 61 cm, width46 cm, height 361 cm, volume 
100 dm3} placed on the concrete floor in the labora-
tory. The box was filled with the appropriate soil fol-
lowing a stepwise) procedure. First, the bottom third 
of the box was filled, whereupon the surface was care-
fully levelled, and the desired pressure was applied 
for 30 sees by using a reinforced lid and a hydraulic 
press. The load was measured with a load cell placed 
between the lid and the hydraulic piston and con-
nected to an amplifier. Thereafter, the same amount 
of soil was added again, and the previous procedure 
was repeated. Finally the box was filled completely 
and the same pressure was applied once more. 
Density and water content were measured at 5,10J 
15 and 20 cm depths. After finishing the gauge meas-
urements, soil cores were sampled at 2.5-7.5,7.5-12.5J 
12.5-17.5, and 17.5-22.5 cm depth intervals. The soil 
cores were centred! between the parallel holes for the 
Journal of Forest Engineering • 85 
gauge. The cores sampled at 2.5-7.5 and 12.5-17.5 cm 
depth were taken below each other near the right hole, 
while the cores sampled at 7.5-12.5 and 17.5-22.5 cm 
depth were collected below each other near the left 
hole. The whole procedure, i.e. filling the box and 
taking the measurements and the soil cores, was re-
peated once for each combination of water content 
and pressure. 
Water content was varied by adding water to the 
soil or by letting it dry. The added water was care-
fully mixed into the soil which was then covered with 
a plastic sheet and left for a few days to allow the 
water content to equalise. 
Second-order regression equations were developed 
where the BDW determined by soil coring was the 
dependent variable and CR was the independent 
variable [20]J The linear relationship between water 
content and CR [14] was used to establish regression 
equations with water content determined by soil cor-
ing as the dependent variable and the CR for the neu-
trons as the independent variable. 
Equation tests 
To test the equations developed on the basis of the 
laboratory analyses, a data set consisting of 30 seesi 
measurements with the gauge and corresponding core 
measurement was collected in the field. The soil was 
a silt loam, (sand 174, silt 729, and clay 97 gkg^J ac-
cording to the sieving analysis). In total, 45 pairs of 
measurements, taken at 10,20,30| and 40 cm depths, 
were included. 
The relative difference (percent) between the meth-
ods was calculated as 
Rwet = ((BDW^J - BDW^JI A BDW^J x 100 
where BDWwatt denotes wet bulk density determined 
by the strata-gauge and BDW J denotes the wet bulk 
density determined by the core method. 
The relative difference in water content was calcu-
lated in an analogous way. 
Statistical treatment 
Standard statistical analyses (pairwise t-test, 
ANOVAI and linear regressions) were performed us-
ing the SAS package [2] J 
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RESULTS! 
The BDW determined by the soil-core method var-
ied between 1.24 and 2.08 gcrn^ among samples for 
study as a whole (Figure 1)J whereas the correspond-
ing range of values obtained using the density and 
moisture gauge was 1.29 -1.96 gcnr* (Figure 1). 
The average difference between BDW means was 
small, 0.022 gratr3! (1.4 percent) (Table 3)J whereas for 
water content it was 0.06 cmVcml (27 percent). Sig-
nificant differences were found between methods for 
BDW, water content, and dry bulk density 
determinations (p<0.0OI J paired t-tests, not shown). 
High r -values were obtained for regression equations 
with BDW and water content determined using the 
soil-core method as dependent variables and the 
count ratios (<38 for density and water as independ-
ent variables (Tables 4 and 5). The ANOVA showed 
that differences in BDW and water content 
determinations between the two methods were not 
significantly affected by soil type. Therefore, it was 
possible to use the general equations on all soils. 
However, due to edge-effects, depth interval specific 
equations should be used. 
) ,a 1,0 1.2 1.4| 1.6 1.6 2.0 
Well bulkl density] strata! gauge) gem3! 
Z4 0.0 0 .1 0,20,2 0,3 0.30,4 0,<|.5 0.^ 0.0,6 0,7 
Waterl content, stratal gajgej gem'3 
0 .9 
Figure 1. Relations between values of wet bulk density (teft)| and water content (right) obtained using the soil-l 
core method and corresponding values registered with the strata-gauge. All data from the study are 
included. The straight line represents y=xj 
Table 3. Overall means and coefficients of variation (CVJ for the three variables measured. The total number of 
samples were 768. 
Variable Soil cores Gauge 
Wet bulk density, gem^ 
Water content, arf/cnfl 
Dry bulk density, gem*! 
Mean 
1.578 
0.224 
1.354 
C.V. ' . ] % 
11.9 
41.7 
8.9 
Mean 
1.600 
0.284 
1.316 
% 
11.5 
58.4 
5.7 
Journal of Forest Engineering « 87 
Table 4. Linear regressions relating wet bulk density, gcm^ determined by the soil-core method to the corre-
sponding count ratio. BDW = a + b CRJ + c (CRw/, where CR^ is the density count divided by the 
standard count 
SoilnoJ Depth n a Rob. b Rob. Prob. ^adj 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
Overall 
overall 
overall 
Overall 
15 
10 
15 
20 
5 
10 
15 
20 
5 
10 
15 
20 
5 
10 
15 
20 
5 
10 
15 
20 
56 
56 
56 
56 
56 
56 
56 
56 
40 
40 
40 
40 
40 
40 
40 
40 
192 
192 
192 
192 
2.5658 
2.6846 
2.6585 
2.6486 
3.0721 
2.9436 
2.9192 
2.6849 
2.7296 
2.6359 
2.7642 
2.7085 
3.0919 
2.9840 
2.8481 
2.8718 
2.8099 
2.7753 
2.6902 
2.6880 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
-2.2524 
-2.6054 
-2.4326 
-2.3981 
-4.0069 
-3.2615 
-3.0994 
-2.3539 
-2.8889 
-2.3569 
-2.8973 
-2.6745 
-4.1228 
-3.4271 
-2.8926 
-3.0221 
-3.0897 
-2.7837 
-2.4420 
-2.4641 
0.0016 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.9434 
1.3118 
1.1605 
1.0887 
2.3287 
1.6741 
1.5133 
0.9799 
1.5129 
1.0597 
1.6022 
1.4008 
2.5629 
1.8519 
1.4426 
1.5582 
1.6154 
1.3639 
1.0921 
1.1217 
0.1124 
0.0033 
0.0132 
0.0180 
0.0001 
0.0001 
0.0001 
0.0004 
0.0006 
0.0134 
0.0011 
0.0018 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.82 
0.83 
0.81 
0.81 
0.93 
0.94 
0.91 
0.94 
0.95 
0.95 
0.92 
0.93 
0.97 
0.96 
0.96 
0.95 
0.92 
0.93 
0.91 
0.92 
Table 5. Linear regressions relating water content, gcm^determined] by the soil-core method to the correspond-
ing count ratio. WC = d + f C R ^ where C R ^ is the neutron count divided by the standard count. 
Soil! no. d Prob. f Prob. r*adj 
1 
1 
1 
1 
2 
2 
2 
2 
3 
3 
3 
3 
4 
4 
4 
4 
Overall 
Overall 
overall 
Overall 
5 
10 
15 
20 
5 
10 
15 
20 
5 
10 
15 
20 
5 
10 
15 
20 
5 
10 
15 
20 
56 
56 
56 
56 
56 
56 
56 
56 
40 
40 
40 
40 
40 
40 
40 
40 
192 
192 
192 
192 
0.0942 
0.0882 
0.0729 
0.0514 
0.0491 
0.0461 
0.0311 
0.0143 
0.0837 
0.0783 
0.0631 
0.0365 
0.0972 
0.0779 
0.0632 
0.0392 
0.0820 
0.0729 
0.0569 
0.0351 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0,0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.6065 
0,1359 
0.0760 
0.0710 
0.8142 
0.1789 
0.0950 
0.0869 
0.6432 
0.1398 
0.0770 
0.0738 
0.5730 
0.1408 
0.0785 
0.0754 
0.6504 
0.1482 
0.0818 
0.0769 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.95 
0.96 
0.98 
0.99 
0.98 
0.98 
0.98 
0.99 
0.99 
0.99 
0.99 
0.99 
0.97 
0.99 
0.99 
0.99 
0.95 
0.97 
0.98 
0.98 
C 
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The relative difference in water content 
determinations between methods was negative for 
water contents below approximately 0.15 cm3/cm3 
and positive for higher water contents (Figure 2). In 
other words, using the strata-gauge and the original 
equations to determine the water content of a dry soil 
will result in underestimates, whereas the same pro-
cedures used on a moist soil would result in an over-
estimate. 
Tests on field-collected soil 
In the comparisons, the original equations and the 
overall equations (from hereon referred! to as “adjusted 
equations”) presented in Tables 4 and 5 were used. 
The wet bulk density for the cores collected varied 
between 1.5 and 2.1 gcm'3J while the water content 
ranged from 0.26 to 0.44 an3/cm3J The average devia-
tion in the determination of BDW between the gauge 
(using the original equations) and the cores was -1.5 
percent (non-significant). Use of the adjusted equa-
tions increased the deviation to -5.3 percent. The cor-
responding deviation in the determination of the 
water content was 60.3 percent (original equations) 
and 8.2 percent (adjusted equations). Use of the dry 
bulk density calculated by subtracting the water con-
tent (adjusted equations) from the original gauge val-
ues resulted in an average difference of -1.6 percent 
compared with soil core values. The dry bulk density 
calculated using the original wet density equations 
and water content (adjusted equations) differed sig-
nificantly from the corresponding value obtained 
using the soil-core method (paired t-tests, p<0.018). 
In addition, water content determinations made with 
the adjusted gauge values differed significantly from 
those obtained with the cylinder values (p<0.030)J 
DISCUSSION 
Although the two methods differed significantly in 
terms of their BDW determinations (paired t-tests), 
the absolute difference was so small that the original 
equations can be used. However, there were large dif-
ferences between water contents determined with the 
gauge and those determined using the soil-core 
method, and the magnitude of the differences varied 
with the water content. Therefore, it is necessary to 
correct the water content readings before calculating 
the dry bulk density. In the factory calibration for the 
water content determination plastic blocks are used. 
The hydrogen in this material is supposed to corre-
spond to a certain volumetric water content. In this 
work, however, it was shown that, at least for the 
investigated soils, this was not a good calibration. 
On the other hand, there was a strong relationship 
between CR and gravimetrically determined water 
content, thus it was easy to correct the gauge water 
readings. 
100 
80 
Water content in cores, CfTiVcm 
Figure 2. Relative deviation between water content determined using the soil-core method and the value 
obtained with the strata-gauge, percent. 
The development of calibration equations in this 
study was based on the assumption that the core sam-
pling results were accurate. An important factor in-
fluencing accuracy is the relationship between the 
length of the core and its diameter [5]J To restrict wall-
friction effects. Koolen recommended length/diam-
eter values of 0.59 to 0.33 for compression tests [11]J 
whereas others recommend a length not more than 
three times the diameter [5]J The cylinders used had a 
relatively large length/diameter ratio, so it is likely 
that the soil was slightly compacted during sampling. 
On the other hand, the laboratory soils in this study 
were easy to sample, and no disturbing factors, such 
as roots or stones, were present. Thus measurement 
accuracy should have been higher in the laboratory 
than during field sampling. 
When using an indirect method, such as the gamma 
radiation method, the soil volume influencing the 
readings is not known. The thickness of the gamma 
beam is inversely proportional to the density of the 
soil and varies in thickness from 5.1 to 10.2 cm in the 
centre of the beam [3] J Hence, the floor on which the 
box was placed during the measurements should not 
have influenced the results. The use of push rods to 
prepare holes for the gauge may disturb the soil and 
thereby affect the readings. However, no sign of any 
such disturbance was found by [3]. 
Similarly, the soil volume influencing the water con-
tent readings is unknown. The drier the soil the larger 
is the sphere within which thennalisationj of the neu-
trons can occur. The sphere of influence for the neu-
trons is reported to have a radius of 75 cm to 25 cm 
[6]J Gardner, et al. reported a radius of 15 cm to 50 cm 
as the sphere of importance [8]. Edge effects may have 
influenced! the values obtained in the present study 
since the closest distance from the source/detector to 
the box wall was 15 cm. Problems may also arise in 
cases where steep gradients in water content are 
present in a soil. In this study the soil in the box had 
a uniform water content, therefore minimising prob-
lems of this kind. 
Kremer developed calibration equations based on 
soil cores and field measurements made using the 
same model of density and moisture gauge that was 
used in the present study [12]. Using those equations 
to calculate water contents based on CR readings from 
the field data, and comparing the values obtained 
with water contents calculated by using the adjusted 
equations from this study resulted in an average dif-
ference of -0.035 cmVcms (9 percent). This indicates 
that the effects of the box walls were minor at most. 
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The use of field data to validate the equations 
yielded satisfactory results. The average difference in 
dry bulk density determination was -1.6 percent com-
pared with soil cores. For the wet bulk density there 
was good agreement between values obtained with 
the original equation and those determined with the 
soil-core method. As in the laboratory study the cor-
respondence between core-determined water content 
and the gauge readings was poor. Since the water 
content was rather high the gauge overestimated the 
real water content (Figure 2)1 
In conclusion, the density and moisture gauge is a 
useful tool for determining soil bulk density and wa-
ter content. For the soils investigated in this study 
there was no need to correct the wet bulk density given 
by the gauge. By contrast, the water content readings 
had to be corrected before calculating the dry bulk 
density. Good correspondence was found between 
the soil-core measurements of the dry bulk density of 
soil collected in the field and gauge readings after 
correcting the water content values. 
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